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Die folgenden Angaben sind den vom Anmelder eingereichten Unterlagen entnonnmen 

Prufungsantrag gem. § 44 PatG ist gestellt 

(g) Exakte Patientenpositionierung durch Vergleich von rekonstruierten und Linac-Rontgenbildern 

(g) Die Erfindung betrifft ein Verfahren zur exakten Positio- 
nierung eines Patienten fur die Strahlentherapi'e bzw. Ra- 
diochirurgie mit folgenden Schritten: a) der Patient wird 
gegenuber einem Linearbeschleuniger vorpositioniert, b) 
mindestens sine Rontgenaufnahme des Patienten bzw. 
eines seiner Korperterle in der Umgebung des Bestrah- 
lungszielpunktes wird erstellt, c) die Rontgenaufnahme 
wird lokalisiert, d) mindestens ein der Rontgenaufnahme, 
insbesondere isozentrisch, entsprechendes, aus einem 
Patientenscan stammendes rekonstruiertes Bild wird er- 
stellt, e) das rekonstruierte Bild und die Rontgenaufnah- 
me werden uberlagert und anhand bestimmter Landmar- 
ken in beiden Bildern wird der Positionsfehler elektro- 
nisch bzw. computergesteuert ermittelt, und f) fur Lage 
des Patienten wird anhand des ermittelten Positionie- 
rungsfehlers korrigiert. Ferner betrifft sie ein Verfahren 
zur raumlichen Lokalisation eines Rontgenbildes, bei dem 
ein Rontgenbild eines Patienten erstellt wird, bei der Er- 
steilung des Rontgenbides die Raumlage des Rontgenge- 
rats ermittelt wird, bei der Erstellung des Rontgenbildes 
Markierungen in einer vorbestimmten oder bekannten 
Lage gegenuber der Rontgenquelle in deren Strahlbe- 
reich cingebracht werden, und bei dem aus der Geome- 
trie des Rontgengerats und aus der Lage der Markierun- 
gen im Rontgenbild die exakte raumliche Aufnahmesitua- 
tion des Rontgenbildes errechnet wird. 
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Beschreibung 

Die vorliegende Erfindung belrifft ein Verfahren zur ex- 
akien Positioniemng eines Patienten fiir die Sirahlentherapie 
bzw. Radiochirurgie. Femer betrifft die vorliegende Erfin- 
dung ein Verfahren zur raumlichen Lokalisation eines Ront- 
genbildes. 

In der Sirahlentherapie und der Radiochirurgie wurden in 
leizter Zeii groBe Fortschritie in der Dosisplanung erzielL Es 
wird angeslrebt, die Behandlung immer welter in Richlung 
der Radiochirurgie zu verlegen, d. h. mil hohen Strahlendo- 
sen zu arbeiien, die bei wenigen und vorzugsweise nur bei 
cincTcinzigen Slrahlenbehandlung auf ein Zielvolumen auf- 
gcbrachi wcrden, also beispielsweise auf einen Tumor. Ob- 
wohl die Dosisplanung, wie erwahnt, reladv guie Erfolge 
zcigi. sichi der Verwendung von hohen Dosen, die in einer 
cin/.igcn odcr in wenigen Fraktionen verabreicht werden, 
oliiiials die Taisachc im Wcgc, daB der Patient bzw. der zu 
bcsirahlcndc Korpcrabschnitt, nur relativ ungenau positio- 
nicrt werdcn kann. Urn groBere Schadigungen desgesunden 
Gewcbes zu vcniiciden, wird deshalb in den uberwiegenden 
Fallen auf die konvcnlionelle fraktionierte Strahlentherapie 
zuriickgegriffen wcrden, bei der eine wiederholtc Bestrah- 
lung mil geringcn Dosen apphziert wird. 

Uni die Posiiionicrung zu verbessem behilfl man sich 
derzeit noch eines schr ungenauen "manuellen" Verfahrens. 
Dabei wird am Linearbeschleuniger ein Rontgenbild eines 
Patienlen-Korperabschniues erstellt. Dieses Bild wird mit 
einem zuvor am Simulator (Rontgengerat mit identischer 
Geometrie wie der Linearbeschleuniger) aufgenommenen 
Referenz-Ronigenbild verglichen. Nunmehr wird von dem 
behandelnden Arzi cin Vergleich des Rontgenbildes und des 
Siniulator-Bildes beispielsweise an einem Lichtkasten vor- 
genommen. Dabei wird mit einem Lineal der Positionie- 
rungsfehler zwischen der lalsachlichen Patienlenlage und 
der Soll-Lage erniiltell und der Patient wird daraufliin eni- 
sprechend verschoben. Besienfalls steht dem Arzt noch ein 
Zentralstrahl-Kreuz und/oder die Kontour der ausseren 
Feldgrenzen in beiden Bildem als Anhaltspunkt zur Verfu- 
gung. Die Feldgrenzen konne z. B. durch Bleiblocke bzw. 
verfalirbsu-e Suahlblenden definiert sein. Auch beim Ver- 
gleich mit DDRs (viriuelle aus einem dreidimemsionalen 
Bilddatensatz ermittelte "Simulatorbilder") statt mil wirkli- 
chen Simulaiorbildem andert sich dieses Verfahren nicht. 

Nachteiligerweise ist diese Art der Paiientenpositionie- 
rung schon aus den folgenden Griinden ungenau: 

Die Bilder sind projektiv und daher nicht im Original- 
maBstab. (Es exisiiert kein einheitlicher AbbildungsmaB- 
stab.) 

Das "manuelle" Ablesen der benotigten Verschiebung isi 

ungenau. 

Eine dreidimensionale raumliche Verschiebung isl aus 
zweidimensionalen Bildern ohne Computerunierstuizung 
nur bedingt moglich und erfordert viel Erfahrung des Benut- 
zers. 

Aus der US-A 5,901,199 ist ein iieratives Verfahren zum 
Ausrichien von Therapie-Strahlen auf ein Behandlungsziel 
bekannt. Hierbei werden diagnostische Computertoniogra- 
phiedaten verwendet, mit Hilfe derer eine Vielzahl von re- 
konstruierien Ron tgen bildem, so genannten DRRs (Digi- 
tally Reconstrucied Radiographs) erzeugt werden. Diese 
DRRs werden so lange erstellt und immer wieder mit einem 
vor Ort aufgenommenen Rontgenbild verghchen, bis eines 
gefunden isl, welches eine ausreichende tjbereinslimmung 
zcigt. Mit Hilfc dor dabei crhaltcncn Datcn wird dann die 
Position des Behandlungsgerates bzw. Behandlungssirahls 
so korrigiert, daB der Sirahl das Behandlungsziel trifft. 

Nachteilig bei diesem Verfahren ist der hohe Rechenauf- 



177 A 1 

2 

wand, da anfangs wahllos solche DRRs erzeugt werden 
miissen und der Vergleich sehr vieler DRRs mit dem lal- 
sachlichen Rontgenbild vorgenommen werden muB. Insbe- 
sondere bedarf es der Auffindung eines "intelligenten" Al- 
5 gorithmus, um sich fiir jeden Korpcrabschnitt und fiir alle 
Patienten gellend in uberschaubarer Zeit dem passenden 
DRR anzunahem. 

Es isl die Aufgabe der voriiegenden Erfindung, ein Ver- 
fahren zur exakien Posiiionierung eines Patienten fur die 
10 Strahlenlherapie bzw. Radiochirurgie vorzuschlagen, bei 
dem die obigen Nachieile des Standes der Technik nicht 
mehr auftreten. Insbesondere soli eine sehr genaue Reposi- 
tionierung des Patienten in einfacher Weise und in kurzer 
Zeit auf moglichst automatischem Wege erziell werden. 
15 Diese Aufgabe wird erfindungsgemaB gelost durch ein Ver- 
fahren zur exakten Posiiionierung eines Patienten fur die 
Strahlentherapie bzw. Radiochirurgie mit den folgenden 
Schrittcn: 

20 a) Der Patient wird gegeniiber einem Linearbeschleu- 
niger vorpositioniert, 

b) mindestens eine Rontgenaufnahme des Patienten 
bzw. eines seiner Korperteile in der Umgebung des Be- 
strahlungszielpunktes wird erstellt, 
25 c) die Rontgenaufnahme wird lokahsierL, 

d) mindestens ein der Rontgenaufnahme insbesondere 
isozentrisch entsprechendes, aus einem dreidimensio- 
nalen Patientendatensatz rekonstruieries Bild wird er- 
stellt, 

30 e) das rekonstruierte Bild und die Rontgenaufnahme 
werden iiberlagen und anhand bestimmter Landmar- 
ken in beiden Bildern wird der Position sfehler elektro- 
nisch bzw. computergesteuert ermittelt, und 
f) die Lage des Patienten wird anhand des ermittelten 
35 Posilionierungsfehlers korrigiert. 

Vorteilhafterweise bietet eine solche erfindungsgemaB 
vorgeschlagene Repositionierung einen relativ schneUen 
Weg, zu einer sehr exakten Zielbestrahlung zu gelangen. Die 
40 elektronische bzw. computergesieuerle Ermitllung des Posi- 
tionsfehlers erhoht die Genauigkeit gegeniiber dem "manu- 
ellen" Verfahren erheblich. Die Lokalisation der Rontgen- 
aufnahme gestattet es, schon diesen Eingangswert mit aus- 
reichender Genauigkeit in die Auswertung aufzunehmen, so 
45 daB auch von dieser Seite her Fehler und Verzogerungen bei 
der Repositionierung vermieden werden. 

Bevorzugt erfolgt bei einem erfindungsgemaBen Verfah- 
ren die Vorpositionierung mitiels eines computer- und ka- 
meragesteuerten Navigations- und Tracking systems mit 
50 Hilfe kiinstlicher, insbesondere reflektierender Markeran- 
ordnungen an dem Patienten und den Behandlungseinrich- 
tungen. Ein solches Navigations- und Trackingsystem kann 
alle notwendigen Positionserfassungen bei der Durchfiih- 
rung des erfindungsgemaBen Verfahrens ubernehmen und 
55 entsprechende Infonnationen beispielsweise auf einem 
Computerbildschimi ausgeben. 

Die Vorpositionierung kann aber auch ijber Hautmarkie- 
rungen am Patienten, iiber natiirliche Landmarken oder La- 
sennarkierungen erfolgen. 
60 Es soUte grundsatzlich genugen, lediglich eine Rontgen- 
aufnahme und ein entsprechend rekonstruieries Bild zu er- 
siellen. Bei bevorzugten Ausfiihrungsfonnen des erfin- 
dungsgemaBen Verfahrens werden jedoch mindestens zwei 
Oder mehrere Rontgenaufnahmen und entsprechend viele re- 
65 konstruicrtc Bilder aus vcrschicdcncn Richiungcn erstellt 
und jeweils durch Vergleich ausgewenet, um auch Verkip- 
pungen des Patienten bzw. des Palienientragers mit einbe- 
rechnen zu konnen. 
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Die Ronigenaufnahme kann vorteilhafierweise mit Hilfe 
des Linearbeschleunigers erstellt werden. Solche Rontgen- 
bilder werden EPID-Bilder (Electronic Portal Imaging De- 
vice-Bilder) genanni. und die entsprechenden Aufnahmen 
konnen auf einem Flat Panel (z. B. ainorphes Silizium) auf 5 
einem Rontgenfilm oder auf jedem anderen zweidimensio- 
nalen Bildaufnehmer erstellt werden. 

Andererseits ist es naturlich auch moglich, die Rontgen- 
aufnahinen durch eine separate Rontgenquelle zu erzeugen. 
Dies kann z. B. mit Hilfe von zwei an der Decke befestigten lO 
Rontgenquellen geschehen, die sequenziell (eiektronische) 
Rontgenbilder auf einem Deiektor (z. B. amorphes Sili- 
zium) erzeugen. Falls der Detekror aus diversen Griinden 
(z. B. Rotation der Gantry) nicht iin Isozentrum positioniert 
werden kann, muB ein Offset sowohl bei der Grobpositio- 15 
nierung, als auch bei der Fehlerkorrektur beriicksichtigt 
werden. 

Ganz allgcmcin kann die Ronigenaufnahme auf cincm 
Bildverstarker oder Detektor, insbesondere auf dem genann- 
ten amorphen Silizium erzeugt werden, wobei bei der Ver- 20 
wendung von amorphem Silizium (Fiat Panel) Verzerrungen 
mini mien werden. Naturlich ist auch die Ver wendung eines 
eingescannten Rontgenfilmes moglich. Die Ronigenauf- 
nahme kann sowohl durch ein in den Linearbeschleuniger 
integrierles Bildsystem als auch durch ein separates Ront- 25 
gengeral erzeugt werden. 

Bei einer Ausfiihrungsform des erfindungsgemaSen Ver- 
f ahrens erfolgt die Uberlagerung der Ronigenaufnahme und 
des rekonstruierten Bildes durch ein vom Benutzer gesleuer- 
tes Markieren und Ubereinanderschieben auf einem Compu- 30 
terbildschirm (z. B. mil Maus, Keyboard, Touchscreen, Joy- 
stick, etc.). Andererseits kann die Uberlagerung der Ront- 
genaufnahnie und des rekonstruierten Bildes naturlich auch 
durch eine rechnergesteuerte automatische Bildfusion erfol- 
gen. 35 

Bei bevorzuglen Ausfiihrungsformen des erfindungsge- 
maBen Verfahrens werden das rekonstruierte Bild bzw. die 
rekonstruierten Bilder erstellt als: 

- Digitally Reconstructed Radiographs (DRRs), 40 

- Digitally Composited Radiographs (DCRs) 

- MEP-Images, 

oder als jedwede zweidimensionale Bildrekonstruktion aus 
einem dreidimensionalen Patientenscan-Datensatz. 45 

Die Lage des Patienten wird erftndungsgemaB vorteilhaf- 
terweise durch die Verschiebung des Patiententisches korri- 
gien, insbesondere automausch angesteuert und korrigierl 
durch ein computer- und kameragesteuerles Navigations- 
und Trackingsystem mit Markem am Patienten und/oder an 50 
dem Patiententisch. Grundsatzlich besteht daneben auch die 
Moglichkeit, die Lage des Patienten durch eine manuelle Ti- 
schansteuerung zu korrigieren. 

GemaB einer bevorzuglen Ausfuhrungsfomi des erfin- 
dungsgemaBen Verfahrens werden in den oben angefuhrten 55 
Schritten c) und d) eine Vielzahl von rekonsiruierien Bildern 
erstellt und elekironisch bzw. computergesieuerl mit der lo- 
kalisierten Ronigenaufnahme iiberlagen und verglichen, bis 
ein der Ronigenaufnahme enisprechendes rekonsiruiertes 
Bild gefunden ist, anhand dessen dann der Posilionsfehler 60 
ennitlell wird. 

Man benotigt hier keine isozentrisch enisprechenden, re- 
konsuuierten Bilder, weil man sich durch rechnerische An- 
naherungsverfahren (Algoriihmen) immer welter dem ge- 
suchicn rekonstruierten BiJd nahcm kann. Besondcrs vor- 65 
teilhaft ist diese Ausfiihrungsform deshalb, weil sie einen 
breiteren Spielraum bei der Vorpositionierung geslattet. 
Durch die Verwendung eines lokalisierten Ronigenbildes 



lasst sich ein schnelleres und genaueres Auffinden des eni- 
sprechenden rekonstruierten Bildes realisieren. 

Die Erfindung beu-ifft ferner ein Verfahren zur raumli- 
chen Lokalisation eines Ronigenbildes, bei dem: 

- ein Ronlgenbild eines Patienten erstellt wird, 

- bei der Erstellung des Ronigenbildes die Raumlage 

des Rontgengerates ermittelt wird, 

- bei der Erstellung des Ronigenbildes Markierungen 
in einer vorbestimmten bzw. bekannten Lage gegen- 
iiber der Rontgenquelle in deren Strahlbereich einge- 
bracht werden, und bei dem 

- aus der Geomelrie des Rontgengerates und aus der 
Lage der Markierungen im Ronlgenbild die exakte 
raumliche Aufnahmesilualion des R5ntgenbildes er- 
rechnet wird. 

Durch das obigc crfindungsgcmaBc Verfahren laBt sich 
nunmehr die raumliche Lage eines Ronigenbildes exakt er- 
mitteln. Dies ist insbesondere dann wichtig, wenn dieses 
Ronlgenbild als ein Eingangsparameter ftir weitere Lokali- 
sierungen und Positionierungen verwendet wird, da dadurch 
schon dieser Eingangswert genau lokahsiert und fehlerfrei 
angegeben werden kann. Bei der Bilderzeugung an einem 
Linearbeschleuniger ist of Imals die Position des Bildverstar- 
kers bzw. des Films auf dessen Halterung nicht 100%ig fesl 
gegeniiber der Slrahlungsquelle und gegeniiber dem Isozen- 
tnamsstrahl. Durch die Lokahsierung jedes einzelnen Rdnt- 
genbildes kann ein solcher Fehler ausgeschlossen werden. 

Es besteht hierbei die Moglichkeit, die Raumlage der 
Rontgenquelle und/oder des Bildempfangers sowie eines 
Patienten tragers mittels eines computer- und kameragesteu- 
erten Navigations- und Trackingsystem mit Markern zu er- 
mitteln. Femer kann die Erfassung der Raumlage der Ront- 
genquelle und/oder des Bildempfangers aber auch iiber ska- 
lierte Erfassungseinrichtungen an diesen Geraten erfolgen. 

Bei einer Ausfuhrungsform des Lokalisationsverfahrens 
wird die Ronigenaufnahme durch einen Linearbeschleuni- 
ger fUr die Strahlentherapie bzw. Radiochirurgie mil einem 
Bildemp^nger erstellt, wobei ein Trager fur die Markierun- 
gen fest vor der StraWungsquelle positioniert wird. Die Mar- 
kierungen erscheinen auf dem Ronlgenbild und wegen des 
bekannten Abstandes der Markierungen zur Slrahlungs- 
quelle sowie der bekannten Markierungsgeometrie ist es 
dann moglich, die raumliche Aufnahinesituation des Roni- 
genbildes exakt zu errechnen. 

Vorteilhafierweise wird ein Linearbeschleuniger mit ei- 
nem LamellenkoUimaior vor der Slrahlungsquelle verwen- 
det, wobei die Markierungen durch bis zu einem bestimmlen 
Grad in den Slrahlengang eingefalirene KollimatorlameUen 
gebildet werden. Das Feld des Lamellenkollimaiors kann 
dabei entweder bereits in der Bestrahlungsform sein, oder 
aber speziell zur Lokalisadon gefonnt werden, wobei die 
Lamellen asymeunsch nur am Rand ausgefahren werden, urn 
das Bild nicht zu beeintrachtigen. In der Regel sind die Ab- 
stande zwischen der Slrahlungsquelle und dem Markie- 
rungstrager bzw. dem LamellenkoUimaior fest und bekannt. 
Eventuell kann aber eine Kalibrierung mit einem Phantom 
noch genauere Werte bereitslellen, 

ErfindungsgemaB ist es natiirUch moglich und bevorzugt 
auch vorgesehen, das beschriebene Verfahren zur raumli- 
chen Lokahsation eines Ronigenbildes dazu zu verwenden, 
eine Ronigenaufnahme im Rahmen des zuerst beschriebe- 
nen Verfahrens zur exakten Positionierung eines Padenien 
zu verwenden. 

Die Erfindung wird ira Weiteren anhand der beiliegenden 
Zeichnungen naher erlautert 

Die Erfindung wird im weiteren anhand der beihegenden 
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Zejchnungen naher eriaurert. Es zeigen: 

Fig. la und lb zwei verschiedene Aufnahmesituationen 
fur Rontgenbilder, die mil einem Linearbeschleuniger er- 
zeugt werden; 

Fig. 2 eine schematische Darstellung der Erzeugung 
zweier rekonstruierter Bilder enisprechend den Aufnahmen 
in den Fig. la und lb; 

Fig. 3 die Einbringung eines Markierungstragers in einem 
Einschub am Linearbeschleuniger sowie zwei Beispiele fur 
Markierungsgeometrien ; 

Fig. 4 Rontgenbilder, bei denen Kolimaiorlamellen als 
Markierungen abgebildet sind; 

Fig. 5 eine Uberlagerung eines Rontgenbildes und eines 
rekonstruierten Bildes; und 

Fig. 6 eine Prinzipdarstellung fur die Herstellung von 
Rontgenaufnahmen mit separaten Rontgenquellen. 

In den Fig. lA und IB wird gezeigu wie aus zwei ver- 
schicdcncn Richtungcn Rontgenbilder mit Hilfc eines Linc- 
arbeschleunigers erslellt werden, Der Linearbeschleuniger 
weisl eine Gantry 1 auf, die schwenkbar angeordnet und in 
deren Oberteil die Strahlungsquelle 2 angeordnet ist. Wie 
aus Fig. lb hervorgeht, isl am Unterteil der Gantry 1 ein Tra- 
ger 9 ausklappbar befestigt, der ein Bildsystem 5 aufweist, 
auf dem der Rontgenbildempfanger angeordnet ist. Ein sol- 
cher Bildeiiipfanger kann ein einfacher Rontgenfilin sein 25 
(wie dargestellt), aber auch ein Rat Panel (z. B. amorphes 
Siliziuixi) oder ein Bildverstarker, Der isozentrische Strahl 8 
aus der Strahlungsquelle 2 geht durch den Patienten 7 hin- 
durch auf das Bildsystem. Auf dem Rontgenfilm 6 wird da- 
bei ein Rontgenbild erzeugt. Hierzu wird der Patient 7 mit 30 
Hilfe des Patiententisches 4, der durch nicht dargestellte 
Motoren verfahrbar ist, schon so gut wie mdglich vorposi- 
tioniert. Dies kann mit Hilfe eines bekannten Trackingsy- 
stems und an dem Patienten bzw. an dem Patiententisch an- 
gebrachlen Markem geschehen. 35 

Fur die hier dargestellte Ausfiihrungsform der Erfindung 
werden demnach, wie in den Fig. la und lb gezeigt, zwei 
Rontgenbilder aus um etwa 90** verdrehten Winkeln der 
Gantry erslellt. 

In Fig. 2 isl nunmehr schematisch dargestellt, wie zwei 40 
enlsprechende, rekonstruierte Bilder erstellt werden. Hierzu 
wird ein Computertomographie-Scan*Datensatz verwendet, 
der vorher von dem Patienten erstellt wurde. In Fig. 2 ist 
dieser Datensatz durch eine hintereinander angeordnete 
Vielzahl von Schnittbildem 20 veranschaulicht. Mit den be- 45 
kannien Positionsdaten der Strahlungsquelle 2 (siehe Fig. la 
und lb) werden nun anhand der eingescannten Daten ent- 
sprechende rekonstruierte Rontgenbilder 16a und 16b er- 
zeugt. Die isozentrischen Strahlen sind mit 18a und 18b be- 
zeichnel. ^ 

Eingangsdaten fur die Erzeugung der rekonstruierten Bil- 
der, die im weiieren auch DRRs (Digitally Reconstructed 
Radiographs) genannt werden, sind zum einen die Positio- 
nen der Stralilungsquellen 12a und 12b. Als zweiie Ein- 
jgangsgroBe muB dann die raumhche Anordnung derjenigen 55 
Ebene vorgegeben werden, in der das Rontgenbild erstellt 
wird, und zwar sowohl hinsichQich des Abstandes zur Strah- 
lungsquelle als auch hinsichtlich ihrer Verkippung. Mit an- 
deren Worten miissen die "viriuellen" Rontgenfilnie 16a und 
16b genau in der gleichen Weise angeordnet sein, wie die 60 
Filme 6 aus der taisachlichen Rontgenaufnahme, um die Bil- 
der vergieichbar zu machen. Dazu miissen die Rontgenbil- 
der 6 au^ der taisachlichen Rontgenaufnahme vor Ort (Fig. 
la und lb) lokalisien werden, d. h. hinsichtlich ihres Ab- 
standes und ihrer Verkippung gcgeniibcr der Slrahlungs- 65 
quelle genau bestimmt werden, wie dies detailliert spater er- 
lautert wird. Als dritte EingangsgroBe rauB die Position des 
Zielpunktes im 3D-Datensatz bekannt sein. 
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Wenn dann die Rontgenbildebene und die Richtung des 
Zentralstrahls (Position der Strahlungsquelle) bei der tai- 
sachlichen Rontgenaufnahme (Fig. la und lb) vor Ot ge- 
nau bekannt sind, konnen exakt die entsprechenden DRRs 
5 rekonstruiert und zugeordnet werden. 

Anhand der Fig. 3 und 4 soil nunmehr beschrieben wer- 
den, wie das vor Ort erstellte Rontgenbild (Fig. la und lb) 
hinsichtlich seines Abstandes und seiner \ferkippung gegen- 
iiber der Strahlungsquelle lokaUsiert wird. 
10 Notwendig wird solch eine Lokalisierung vor allem des- 
halb, well die Position des Bildsy stems 5 sowie des aus- 
klappbaren Tragers 9 gegeniiber der Strahlungsquelle 2 aus 
mechanischen Grunden (Wackeln; ungenaue Klappmecha- 
nik) nicht als fest angesehen werden kann. Auch wenn sich 
15 diese Position nur um einige Millimeter andert, kann dies zu 
unerwunschten Fehlbestrahlungen fiihren. Deshalb wird er- 
findungsgemafi bei jeder Erstellung eines Rontgenbildes 
dessen raumlichc Anordnung bcstinmit um dann das cnt- 
sprechende DRR in exakt derselben Ebene rekonstruieren 
20 zu konnen. 

Die obere Abbildung in Fig. 3 zeigt schematisch einen 
Einschub 30, der mit Markem 33 versehen ist und welcher 
in einer hierfur bestimmten Halterung 10 an der Gantry 1 in 
den Strahlengang eingeschoben wird. Der Einschub 10 tragt 
entweder kreisfoniiige Marker 32 oder aber linienlormige 
Markierungen 31, und in der erstellten Rontgenaufnahme 
bilden sich diese Marker ab, wie aus den beiden unteren 
Darstellungen in Fig. 3 ersichtlich wird. Aus dem Abstand 
und der Verzerrung der Geometrie der Marker 32, bzw. der 
Linien 31 laBt sich dann mit einfachen geometrischen Mit- 
teln bestimmen, in welchem Abstand das Rontgenbild auf- 
genommen wurde und wie es dabei verkippt war. Das vor 
Ort gemachte Rontgenbild ist daniit genau lokalisiert und 
mit Hilfe dieser Daten lassen sich in exakt derselben Ebene 
DRRs erzeugen, wie dies unter Bezugnahme auf die Fig. 2 
oben erlautert wurde, 

Bei einer weiteren Ausfuhrungsform des erfindungsge- 
mafien Verfahrens werden die zur Lokalisation erforderli- 
chen Marker nicht durch einen zusatzlichen Einschub er- 
zeugt, sondem durch einen Lamellenkolimator, welcher zur 
Ausformung des Behandlungsstraliles in vielen Fallen schon 
im Strahlengang des Linearbeschleunigers angeordnet ist. 
Solche Lamellenkolimatoren besitzen in den Strahlengang 
einfahrbare Lamellen und begrenzen mit diesen ein Strah- 
lenfeld gemaB der AuBenform der zu bestrahlenden Lasion, 
um dadurch umgebendes gesundes Gewebe zu schiitzen. 
Solche durch vorgeschobene Lamellen 33 eingegrenzten 
Besurahlungsfelder sind in den beiden oberen Darstellungen 
der Fig. 3 zu sehen, 

Es ist erfindungsgemaB aber auch moglich solche einfahr- 
baren Lamellen als Markierungen zur Lokalisation des 
Rontgenbildes zu verwenden. Hierzu werden, wie dies aus 
den beiden unteren Darstellungen in Fig, 4 hervorgeht, ein- 
zelne Lamellen 34 bei der Erstellung der Rontgenaufnahme 
in den Bildbereich eingeschoben. Auch von diesen Lamel- 
len 34 sind Abstand und Anordnung gegenuber der Strah- 
lungsquelle bekannt, so daB aus den Projektionen auf der 
Rontgenabbildung wiederum wie mit den separaten Markie- 
rungen 31 Oder 32 (Fig. 4) die Raumlage, d. h. Verkippung 
und Abstand des erstellten Rontgenbildes ermitteli werden 
konnen. Um das Bild nicht zu sehr zu storen, werden hierzu 
in asymmeirischer Weise lediglich Lamellen in der Periphe- 
rie des Bildes eingefahren. 

Weil das vor Ort ersieUte Rontgenbild voUstandig lokali- 
siert wurde und die jcwciligcn DRRs in exakt derselben 
Ebene erstellt werden konnten, sind nunmehr die mit diesen 
beiden Verfahren erzeugten Bilder unmittelbar vergieichbar. 
Die Fig. 5 zeigt eine schematische Darstellung in der zwei 
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solche Bilder, naralich das vor On ersiellte Rontgenbild und 
das enisprechende DRR iibercinandergelegt wurden. Der 
besseren DarsteUbarkeit halber wurden ais Bildobjekte hier 
Twinge gewahli, ublicherweise werden hier beispielsweise 
Knochenstrukturen zu sehen sein. In Fig. 5 wird ersichtlich, 5 
daB die beiden Abbildungen des Rings, nainlich die Abbil- 
dung aus der Rontgenaufnahine vor OrL, die mil dem Be- 
zugszeichen 6 versehen ist, und die Abbildung aus dem 
DRR mil dem Bezugszeichen 16 zueinander verschoben 
sind. Diese Verschiebung resultiert aus der noch relaliv un- 10 
genauen Vorpositionierung. Es wird nunmehr mit Hilfe ei- 
ner rechnei^esteuerten Bildverarbeitung (Fusion) oder ma- 
nuell der Versatz der beiden Ringe zueinander in mindeslens 
einer, vorzugsweise aber mehreren Ebenen (bei zwei oder 
mehreren Rontgenaufnahmen bzw. DRRs aus verschiede- is 
nen Richtungen) bestinunt und der Patient kann entspre- 
chend dieses festgestellten Versaties repositionien werden. 
Dies kann bcvorzugt automatisch iibcr die Fahrmotoren dos 
Palienientisches 4 (Fig. la oder lb) erfolgen. Nach dieser 
Repositionierung befindet sich der Patient dann in exakt ei- 20 
ner solchen Position, in der der Behandlungsstrahl das Be- 
handlungsziel genau trilft. Die Behandiung kann durchge- 
fuhrt werden. 

Es ist anzumerken, dafi die beiden Bilder, wenn sie liber- 
einander gelegL werden, beispielsweise auch auf eineiii 25 
Computerbildschirm markiert manuell so iibereinanderge- 
zogen gelegt werden konnen, bis die Abbildungen in alien 
Ebenen ubereinstimmen. Die Bildinhalte, die aufeinander- 
gelegt werden, werden bei Rontgenaufnahmen meist Kno- 
chenschatten sein. Es soil an dieser S telle aber bemerkt wer- 30 
den, daB grundsatzlich auch andere Scanverfahren mit dem 
Prinzip der vorliegenden Erfindung venvendbar sind. Bei- 
spielsweise ist hier an die Verwendung von Kernspintomo- 
graphie-Aufnahmen zu denken, welche dann relativ gute 
Abbilder des Behandlungsziels selbst ergeben, so daB der 35 
Positionsfehler durch dne Ermiltlung des Versatzes des Be- 
handlungsziels selbst in vorteiUiafter Weise ermittelt werden 
kann. 

In Fig. 6 ist noch eine alternative Ausfuhrungsform dar- 
gestellt, bei der nicht der Linearbeschleuniger mit der Gan- 40 
try 1 selbst zur Erzeugung des Rontgenbildes vor Ort ver- 
wendet wird, sondem vielmehr separate Rontgenquellen. 
Diese beiden separaten Rontgenquellen zur Erzeugung von 
zwei Rontgenbildem aus verschiedenen Richtungen sind in 
Fig. 6 nur schematisch dargestellt und mit den Bezugszei- 45 
chen 51 und 52 versehen. Auch vor diese Rontgenquellen 51 
und 52 konnen, wie anhandderFig. 3 beschrieben, in vorbe- 
siimmtem Abstand Markierungen angebrachl werden, so 
daB sich die exakte Lage des Rontgenbildes auf dem Bildsy- 
stem 5 immer lokalisieren ISiBt und der Patient auf seinem 50 
Patiententisch 4 nach der Bestimmung des Positionierungs- 
fehlers exakl repositioniert werden kann. Vorteilhafterweise 
muB bei dieser Ausfiihrungsform die Gantry zur Erstellung 
der Rontgenaufnahmen nicht bewegt werden. 

55 

Patentansprtiche 

1. Verfahren zur exakten Positionierung eines Patien- 
ten fur die Strahlentherapie bzw. Radiochirurgie mit 
den folgenden Schritten: 60 

a) der Patient wird gegeniiber einem Linearbe- 
schleuniger vorpositioniert, 

b) mindeslens eine R6ntgenaufnahme des Patien- 
ten bzw. eines seiner Korperteile in der Umge- 
bung des BcsLrahlungsziclpunktcs wird crstcllt, 65 

c) die Rontgenaufnahme wird lokalisiert, 

d) mindeslens ein der Rontgenaufnahine, insbe- 
sondere isozenlrisch, enisprechendes, aus einem 
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dreidimensionalen Paiienienscan-Datensaiz siam- 
mendes rekonstruiertes Bild wird erstellt, 
e) das rekonstruierle Bild und die Rontgenauf- 
nahme werden liberlagert und anhand bestimmter 
Landmarken in beiden Bildem wird der Positions- 
fehler elektronisch bzw. computergesteuert ermit- 
telt, und 

t) die Lage des Patienten wird anhand des ermit- 
lelten Positionierungsfehlers korrigiert 

2. Verfahren nach Anspruch 1, bei dem die Vorpositio- 
nierung mittels eines computer- und kameragesteuerien 
Navigations- und Trackingsy stems mil Hilfe kunstli- 
cher, insbesondere reflekuerender Markeranordnungen 
an dem Patienten und an den Behandlungseinrichtun- 
gen erfolgt. 

3. Verfahren nach Anspruch 1, bei dem die Vorpositio- 
nierung uber Halitmarkierungen an dem Patienten, 
iibcr naturlichc Landmarken oder Lascrmarkierungcn 
erfolgt. 

4. Verfahren nach einem der Anspruche 1 bis 3, bei 
dem mindestens zwei oder mehrere Rontgenauftiah- 
men und entsprechende rekonstruierte Bilder aus ver- 
schiedenen Richtungen ersteUt und jeweils durch Ver- 

' gleich ausgeweriet werden. 

5. Verfahren nach einem der Anspruche 1 bis 4, bei 
dem die Rontgenaufnahme mit der Strahlenquelle des 
Linearbeschleunigers erstellt wird. 

6. Verfahren nach einem der Anspruche 1 bis 4, bei 
dem die Rontgenaufnahme durch eine, zwei oder meh- 
rere separate Rontgenquellen erzeugt werden. 

7. Verfahren nach Anspruch 5 oder 6, bei dem die 
Rontgenaufnahme auf einem Bildverstarker oder De- 
tektor, insbesondere auf cimorphem Silizium erzeugt 
wird. 

8. Verfahren nach Anspruch 5 oder 6, bei dem die 
Rontgenaufnahme auf einem Ronigenlilm erzeugt 
wird, 

9. Verfahren nach einem der Anspriiche 5 bis 8, bei 
dem die Rontgenaufnahme und/oder das rekonstruierte 
Bild auf einem Bildscbirm ausgegeben werden. 

10. Verfahren nach Anspruch 9, bei dem die Uberlage- 
rung der Rontgenaufnahme und des rekonslruierten 
Bildes durch ein manuelles Markieren und Ubereinan- 
derschieben auf einem Computerbildschirm erfolgt. 

11. Verfahren nach einem der Anspruche 1 bis 9, bei 
dem die Uberlagerung der Rontgenaufnahme und des 
rekonstruierten Bildes durch einerechnei^gesteuerte au- 
tomaiische Bildfusion erfolgt. 

12. Verfahren einem der Anspruche 1 bis 11, bei dem 
das rekonstruierte Bild bzw. die rekonstruierten Bilder 
erstellt werden als: 

- Digitally reconstructed Radiographs (DRRs), 

- Digitally Composited Radiographs (DCRs), 

- MlP-Iniages, 

Oder als jedwede zweidimensionaie Bildrekonstruktion 
aus einem dreidimensionalen Patientenscan-Datensatz. 

13. Verfahren nach einem der Anspruche 1 bis 12, bei 
dem die Lage des Patienten durch die Verschiebung des 
PatientenUsches korrigiert wird, insbesondere automa- 
tisch angesteuert und korrigiert durch ein computer- 
und kameragesteuerien Navigations- und Trackingsy- 
stem mil Markem am Patienten und an dem Patienten- 
tisch. 

14. Verfahren nach einem der AnsprUche 1 bis 12, bei 
dem die Lage des Patienten durch cine manucllc li- 
schansteuerung korrigiert wird. 

15. Verfahren nach Anspruch 1 , bei dem in den Schrit- 
ten c) und d) eine Vielzahl von rekonslruierten Bildem 
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ersieUi und elekironisch bzw. computergesleuert mil 
der lokalisierten Rontgenaufnahme uberlagert und ver- 
glichen werden, bis ein der Rontgenaufnahme entspre- 
chendes rekonstruiertes Bild gefunden isi^ anhand (les- 
sen dann der Positionsfehler ermittell wird. 5 

16. Verfaliren zur rauinlichen Lokalisalion eines Ront- 
genbildes, bei dein: 

- ein Ronlgenbild eines Patienten erstelll wird, 

- bei der Erstellung des ROntgenbildes die Raum- 
lage des Rontgcngerats ermittclt wird, 10 

- bei der Erstellung des Rontgenbildes Markie- 
rungen in einer vorbestimmten oder bekannten 
Lage gegeniiber der Rontgenquelle in deren 
Slxahlbereich eingebracht werden, und bei dein 

- aus der Geonietrie des Rontgengerals und aus 15 
der Lage der Markierungen im Rontgenbild die 
exakte rauniliche Aufnahmesituation des Ront- 
genbildes crrcchnct wird. 

17. Verfaliren nach Anspruch 16, bei dem die Rauin- 
lage der Rontgenquelle und/oder des Bildempfangers 20 
sowie eines Patiententragers mittels eines computer- 
und kameragesteuerten Navigations- und Trackingsy- 
stems mit Markem ermittelt wird. 

18. Verfahren nach Anspruch 16, bei dem Raunilage 
der Rontgenquelle und/oder des Bildempfiingers und/ 25 
oder des Patiententragers iiber skalierte Erfassungsein- 
richtungen an diesen Geraten erfolgt, 

1 9. Verfahren nach einem der Anspriiche 1 6 bis 1 8, bei 
dem die Rontgenaufnahme durch einen Linearbe- 
schleuniger fur die Strahlentherapie bzw. Radiochirur- 30 
gie mit einem Bildempfanger erstellt wird, wobei ein 
Trager fur die Markierungen fest vor der Strahlungs- 
quelle positioniert wird. 

20. Verfahren nach Anspruch 19, bei dem ein Linear- 
beschleuniger mit einem Lamellenkollimator vor der 35 
Strahlungsquelle verwendet wird, wobei die Markie- 
rungen durch bis zu einem bestinimten Grad in den 
Strahlengang eingefahrene Kollimatorlamellen gebil- 
det werden. 

21. Verfahren nach einem der Anspruche 1 bis 15, bei 40 
dem zur Lokalisation der Rontgenaufnahme ein Ver- 
fahren gemaB den Anspriichen 16 bis 20 verwendet 
wird. 
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ABSTRACT 



In a coordinate system defined by a coordinate space 
digitizer, the location of an implanted symmetric object 
may automatically be determined based on differences 
between the characteristic acoustic impedances of at 
least a portion of an implanted object and one or more 
materials surrounding that object An A-mode ultra- 
sound transducer may be attached to a coordinate space 
digitizer or pointing device such that an attached com- 
puter tracks the position and orientation of the ultra- 
sound transducer. The reflected radio-frequency (rf) 
ultrasound signals may automatically be analyzed along 
with the tratisducer position and orientation corre- 
sponding to each received rf signal to detect the posi- 
tion of the implanted object The time delay between 
received ultrasound echoes is used to compute the 
depth of the object from the transducer. This allows for 
an accurate determination of the three-dimensional co- 
ordinates of the implanted object. 
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registration and image-physical space registration, as 
well as a method for localizing the center of the imaged 
markers in the image volumes. This patent application 
describes two types of markers including temporary 
markers anchored in the skull for rigidity but with the 
image-visible portion protruding above the scalp, and 
permanent markers implanted into the skull beneath the 
scalp and subcutaneous fat. 

Internal permanent fiducial markers allow the com- 



AUrOMATIC ULTRASONIC LOCALIZATION OF 
TARGETS IMPLANTED IN A PORTION OF THE 
ANATOMY 

BACKGROUND OH THE INVENTION 

The present invention relates to locating a position of 
an object implanted in a portion of the anatomy, the 
object having at least a portion which is in a vicinity of 
a material having a different acoustic impedance than an parison of images over time for follow-up therapy, Per- 
acoustic impedance of that portion of the object. More manent markers also allow the delivery of fractionated 
particularly, the present invention relates to the local- radiotherapy, in which small doses of radiation are 
ization of implanted targets using amplitude-mode (A- administered in multiple sessions to maximize the dose 
mode) ultrasound techniques and a coordinate space delivered to the target lesion while minimizing the dam- 
digitizer. Extendable to other applications, the auto- ^ge to surrounding tissue. Fractionated radiotherapy 
matic implanted target localization approach may be requires the same fiducial framework to be present, in 
used to locate small fluid-filled polymer cylinders im- an unchanged position, for each treatment so that the 
planted m human skull, which are preferably flush with radiation beam may be properiy directed relative to the 
the surface of the skull, beneath the scalp and subcuta- fiducial markers as determined from the pre-treatment 
neous fat. These permanently-implanted cylinders are 20 images. Temporary markers and stereotactic frames can 
intended to serve as fiducial markers for the registration neither remain in position long enough nor be rc-affixed 
of tomographic image volumes with physical space m accurately to satisfy this requirement. 

over timf ^ ""^^^ ^^^^^'^'^ ' ^^^"^^^ "^^^^"^ ^PP^^^^^' ^^^g^'^^- 

Tomographic imaging modalities, such as computer 25 J^^^^^^^ "^^^^T ^ ""f ^^"^ "'"^^ 

tomography (CT), magnetic resonance imaging (MRI), ^^^c^M'^^^^^ ^ ^^'^^ '^f^' ^"^^"^^ 

and positron emission tomography (PEI^r Produce a ^^^^^^"^^^ ^Pf^^ ^i^T J^^l^'^l"! T""'^'^ ^'^"'"''^ 

three^imensional image volume as a set of tWdimen- developed which define a coordinate 

sional "slices". These image volumes contain the infor- ^^^f^ ^""^ three-dimensional coordinates of the 

2Q endpoint to an attached computer. As an example, an 
articulated arm has jomts that track the angular position 



mation necessary for surgical or radiotherapeutic plan 
ning. Such information may include the three-dimen- 
sional distances between sites of interest such as tumors, 
the location of blood vessels which must be avoided, 
and lesion margin delineation often superior to that 
discernible by visual tissue inspection. 

However, these three-dimensional volumes are at an 
arbitrary orientation to each other as well as to the 
physical patient anatomy. As a result, correlating and 
comparing the same location in the images is difficult. 



of each link, allowing the attached computer to calcu- 
late the endpoint coordinates. A less cumbersome alter- 
native is a wand with infrared light emitting diodes 
35 (LEDs) along its shaft in which the LEDs are strobed in 
sequence and an infrared camera attached to a com- 
puter notes the location of the LEDs relative to a set of 
reference LEDs in a fixed position. 

Also required of a system which correlates neurologi- 



Also, the surgeon is unable to accurately correlate the 40 image space and physical space is a means for locat- 
detailed image information with the physical anatomy center of the fiducial markers in the coordinate 
during surgery as a guidance tool. system defined by the pointing device. For markers 
The correlation of multiple three-dimensional vol- visible outside the scalp, the fiducial position can be 
umes or spaces is referred to as space registration. Space recorded simply by touching the fiducial marker with 
registration establishes a one-to-one mapping between 45 pointing device. For permanent, subcutaneously- 
points in the image sets or between points in one or implanted markers, however, locating the precise three- 
more image sets and physical space. The transformation dimensional position of the marker is much more chal- 
between coordinate systems is calculated based on the lenging. A target localization method to address this 
location of a set of at least three common landmarks, or has previously become necessary in the field of 
fiducial markers, in each representation. The actual 50 registration of image volumes with physical space in 



fiducial point is the geometric center of the fiducial 
marker. The accuracy of the mapping between coordi- 
nate systems depends on the accuracy with which the 
coordinates of the fiducial markers centers are known in 
each three-dimensional space. 

The fiducial markers provide a frame of reference to 
make image-to-image or image-to-physical space regis- 
tration possible. A general technique for using fiducial 
markers to obtain registration of image data across time 
is set forth in U.S. Pat. No. 4,991,579 to Allen et al., 
which is incorporated herein by reference. 

Fiducial markers for accurate image-to-physical 
space registration must be rigidly located and must be 
composed of materials making them visible in the imag- 
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neurosurgical cases. 

Once the markers have been located in the preopera- 
tive image sets stored on a computer as well as in the 
physical space defined by a pointing device attached to 
the same computer, the system display can provide 
interactive surgical guidance. The location of the end- 
point of the pointing device is indicated on a display of 
the appropriate slice through the image volumes. Such 
an interactive, image-guided surgery system using an 
articulated arm as a pointing device is described in U.S. 
Pat. No. 5,142,930 to Allen et al., which is incorporated 
herein by reference. 

U.S. Pat No. 5,197,476 to Nowacki et al.. which is 
also incorporated herein by reference, discloses an ul- 



ing modalities of interest. U.S. patent application Ser. 65 trasound probe coupled with an infrared LED-based 
No. 08/017,167 to McCrory et al., which is incorpo- pointing device to locate a target in a living body. A 
rated herein by reference, describes the design and com- three-dimensional frame containing a plurality of infra- 
position of fiducial markers for neurosurgical image red lights is placed on a table. A computer strobes the 
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infrared lights and the position of the infrared lights is 
monitored by a pair of infrared sensitive cameras and 
stored in the computer. A hand held ultrasonic probe is 
provided with a plurality of infrared lights so that the 
probe can be monitored by the cameras. The computer 5 
compares the positions of the probe lights with the 
initial position of the frame infrared lights to accurately 
determine the position of the probe so that the position 
of the target in the body may be displayed on a com- 
puter monitor. The approach disclosed in the Nowacki 10 
et al. patent employs a brightness-mode (B-mode) ultra- 
sound imaging and requires a trained expert to visually 
recognize when the desired target is displayed. 



SUMMARY OF THE INVENTION 
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The present invention relates to a method and appara- 
tus for automatically localizing the three-dimensional 
coordinates of a symmetrically-shaped implanted tar- 
get. The ultrasonic method is based on differences in the 
characteristic acoustic impedance (Zo) of the target and 20 
that of the surrounding material or surrounding materi- 
als as well as on the time delays between ultrasonic 
echoes. 

The present invention uses A-mode ultrasound which 
produces one-dimensional, time domain '^signals*'. Ech- 25 
oes received by the transducer are indicated as deflec- 
tions in the signal and the amplitude of these deflections 
is proportional to the difference in acoustic impedances 
of the materials which form the interface from which 
the echo arose. In contrast, B-mode ultrasound imaging 30 
produces a two-dimensional image such as that pro- 
vided on a video display, where each displayed line of 
the image corresponds to a single A-mode signal ac- 
quired from adjacent positions. The brightness or inten- 
sity of each pixel or dot along that line corresponds to 35 
the amplitude of received echoes. 

According to an embodiment of the present inven- 
tion, an A-mode ultrasonic transducer is attached to a 
pointing device which digitizes the coordinates of phys- 
ical space. The automatic target detection algorithm is 40 
implemented on a computer that receives the reflected 
ultrasound signals along with the transducer position 
and orientation information. A position of the target or 
flducial marker in a coordinate system of the pointing 
device is determined in response to the received echoes 45 
and the position and orientation of the transducer. 

TTie present invention is based on the following ultra- 
sonic principles. When an ultrasonic pulse is emitted 
from a transducer, it propagates through a material until 
it reaches an interface with a material of different char- SO 
acteristic acoustic impedance. At this interface, a por- 
tion of the power of the pulse is reflected back to be 
received by the transducer and the remainder propa- 
gates on to deeper interfaces. The ratio of reflected to 
transmitted power is proportional to the square of the 55 
difference in the characteristic acoustic impedances of 
the two materials. The time delay between the echoes 
received by the transducer may be multiplied by the 
speed of sound in the intervening material to obtain the 
distance traveled by the ultrasonic pulse and the speed 60 
of sound in the intervening material. 

The present invention provides accurate localization, 
appropriate for localizing the center of small targets 
such as those a few millimeters in diameter. Accuracy is 
critical for the described application of the invention to 65 
image-to-physical space registration. An example of a 
flducial marker design for that application is a cylinder, 
3 nmi in diameter, 4 mm in height, consisting of a poly- 



mer shell and an aqueous solution. Such a marker would 
be implanted into the skull flush with the surface of the 
skull, beneath the skin and subcutaneous fat. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Other features and advantages of the present inven- 
tion will become apparent from the following descrip- 
tion taken in conjunction with the attached drawings. 

FIG. 1 illustrates an A-mode ultrasound transducer 
arranged with associated hardware according to an 
embodiment of the present invention. 

FIG. 2 is a mechanical articulated arm which may be 
used as a pointing device in an image-guided neurosur- 
gery system. 

FIG. 3 is a schematic of the components of an optical 
pointing device system. 

FIG. 4 illustrates the acquisition of signal and posi- 
tion information from an ultrasound transducer coupled 
to a pointing device according to an embodiment of the 
present invention. 

FIG. 5 -illustrates a position of a transducer piston 
near a target and the use of an ultrasound standoff pad 
in placing the target in the optimal range of the ultra- 
sound beam. 

FIG. 6, which includes FIG. 6(a), FIG. 6{b), and 
FIG. 6(c), illustrates diflerent relative positions of a 
transducer and a tairget during an ultrasound location 
method according to an embodiment of the present 
invention. 

FIG. 7(g), fig. 1(b) and FIG, 7(c), which together 
comprise FIG. 7, illustrate a correspondence between 
the positions illustrated in FIG. 6(a), FIG. 6(b) and 
FIG. 6(c) and corresponding received reflections in- 
cluding a target interface echo signal on which the 
automatic localization technique according to the pres- 
ent invention is based. 

FIG. 8, which includes FIG. S(a) and FIG. 8(d), 
illustrates a low-impedance implanted fiducial marker 
for a neurosurgical space registration application of the 
present invention. 

FIG. 9, which includes FIG. 9(a) and FIG, 9(6), 
illustrates expected received signals for the relative 
positions of the transducer piston and the flducial 
marker illustrated in FIG. S(a) and 8(6), respectively. 

FIG. 10 illustrates an embodiment of Uie present 
invention in which a low impedance flducial marker 
with a high impedance layer is used. 

FIG. 11 illustrates expected received signals for the 
relative positions of the transducer piston and the fldu- 
cial marker iUustrated in FIG. 10. 

FIG. 12 illustrates an embodiment of the present 
invention relating to surgical applications thereof. 

FIG. 13 illustrates a flow chart of an automatic ultra- 
sonic localization method of implanted targets accord- 
ing to an embodiment of the present invention. 

FIG. 14 illustrates one embodiment of an automatic 
signal analysis determination which may be used in 
implementing an embodiment of the present invention. 

FIG. 15 illustrates a flducial marker which may be 
used in implementing an embodiment of the present 
invention. 

DETAILED DESCRIPTION 

According to an embodiment of the present inven- 
tion, an A-mode ultrasound transducer possessing a 
rotationally-symmetric beam (for example, a circular, 
single-crystal piston transducer) is attached to a point- 
ing device such that the connected computer may track 
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the coordinates and orientation of the transducer as the a base 36, which is movably fixed to some location. The 
transducer is moved through space. arm 34 carries a tool 38 including an end tip 40 which is 

FIG. 1 illustrates an example of an A-mode ultra- changeable and, for purposes of the present invention, is 
sound transducer 20 with a beam (not illustrated) hav- a pointing device which may include an attached ultra- 
ing a circular cross-section. In response to a trigger 5 sound unit. A sensor (not illustrated in FIG. 2) which 
pulse, a pulser/receiver 22 provides an electrical trigger compriises an ultrasonic detector may be attached in 
signal to the transducer 20 via a cable 24. In response to place of the tool 38 and the end tip 40 of the tool 38 in 
the electrical trigger signal transducer 20 emits an ultra- order to practice the present invention. The arm 34 has 
sonic pulse. The transducer 20 then receives reflected two arm lengths 40A, 40B. The first arm length 40A is 
acoustic waves and converts them to electrical time- 10 coupled to the base by two gimbal joints 42. The first 
domain signals, passing them to the pulser/receiver 22 arm length 40A therefore has two degrees of motion, as 
via cable 24. These signals may be transferred to a com- provided by the two gimbal joints 42. 
puter 26 via an analog-to-digital (A/D) converter 28. A second arm length 40B is coupled to the first arm 
The trigger pulse signal input to pulser/receiver 22 may length 40A by a second pair of gimbal joints 42. The 
be provided by computer 26. 1 5 second pair of gimbal joints 42 provides the second arm 

According to an embodiment of the present inven- length 40B with two additional degrees of motion. The 
tion, an operator translates the transducer 20 along a second arm length 40B therefore has four degrees of 
surface of interest perpendicular to the surface and with motion relative to the base 36 of the arm 34. 
the aid of a coupling medium, such as water, acoustic A tool holder 44 is coupled to the second arm length 
scanning gel, or mineral oil. The computer 26 pulses the 20 40B through a pair of gimbal joints 42. The tool holder 
transducer 20 via pulser/receiver 22 and receives the 44 can hold any of a number of different tools, including 
reflected echoes along with the corresponding trans- a pointer, an ultrasound unit, a surgical laser, a biopsy 
ducer location and orientation as determined by the probe, a radiation beam collimator, etc. In an embodi- 
pointing device system. As the emitted acoustic waves ment of the present invention, the tool held by the tool 
travel through layers of material with similar character- 25 holder 44 is an ultrasound unit (not illustrated in FIG. 
istic acoustic impedances (Zo), little power is reflected 2). A third pair of gimbal joints 42 provides the tool 38 
back to the transducer 20. As a result those received with two additional degrees of motion, so that the tool 
echoes have a small amplitude. 38 has 6 degrees of motion relative to the base 36. 

When the ultrasound beam reaches an interface with The exact positioning of the tool 38 relative to the 
an object whose acoustic impedance Zo is much differ- 30 base 36 may be monitored by optical encoders 46. One 
ent, a larger-amplitude echo results. Therefore, if an optical encoder 46 is assigned to each gimbal joint 42. 
implanted target is composed of a material with an Each gimbal joint 42 is individually rotated around its 
acoustic impedance Zothat is much greater or much less pivot and the optical encoder 46 determines the precise 
than the layers above or below it, a "target interface amount of rotation of the gimbal joint 42 around its 
echo" will result. If enough prior knowledge exists to 35 pivot. The information from each of the six optical 
ensure that no other similar reflectors can be located in encoders 46 is provided to a programmable computer 
the expected depth range of the imbedded target, then (not illustrated in FIG. 2) via wires 48. The programma- 
the target can be automatically detected according to ble computer can therefore precisely track the move- 
the present invention based on the presence of such a ment of the tool 38 relative to the base 36 by keeping 
target interface echo. 40 track of the individual rotations of the gimbal joints 42 

The amplitude of the target interface echo will be a around their pivots, 
maximum when the largest portion of the ultrasound Another example of a pointing device which may be 
beam reaches and is reflected from that interface. If the used to implement the present mvention uses infrared 
ultrasound beam has a diameter greater than or approxi- light emitting diodes (LEDs) along its shaft. The LEDs 
mately the same as the diameter of the target, the maxi- 45 are strobed in sequence and an infrared camera attached 
mum echo ampUtude occurs when the transducer is to a computer notes the location of the LEDs relative to 
centered over the target. This theory, coupled with the a set of reference LEDs in a fixed position. Such a 
position of the transducer corresponding to each re- system which digitizes the coordinates of physical space 
ceived signal, may be used to map out the position of the is the Optotrak/3020 (Northern Digital, Inc., Waterloo, 
target in the lateral plane, the plane perpendicular to the 50 Ontario), illustrated in FIG. 3. One implementation of 
ultrasound beam. To then determine the depth of the this system is described in U.S. Pat. No. 5,197,476 issued 
target from the transducer face, the present invention to Nowacki et al. 

detects the time delay between received echoes. Based The optical system illustrated in FIG. 3 tracks the 
on the knowledge of the speed of sound in the interven- coordinates and orientation of an object 50 which is 
ing materials, the direction of the transducer's orienta- 55 illustrated as a pointer, but may be replaced by an A- 
tion may be extrapolated along to estimate .the three-di- mode ultrasound transducer to implement an embodi- 
mensional location of the target. ment of the present invention. A shaft 52 extends from 

One example of a pointing device which may be used object 50 with a plurality of infrared light emitting 
to implement an embodiment of the present invention is diodes (LEDs) on its surface. A cable connects the 
an articulated arm employing encoders at each joint 60 probe 54 (consisting of shaft 52 and end-effector 50) to 
which track the angles between the arm's segments. a strober 56. The probe 54 may be easily and freely 
FIG, 2 illustrates an example of such a pointing device manipulated by a user. Mounted in a fixed position near 
system to which an ultrasound transducer may be at- the region of interest is a set of reference infrared LEDs 
tached according to an embodiment of the present in- 58 referred to as a rigid body. This set of reference 
vention. FIG. 2 illustrates an articulated arm 34 such as 65 LEDs 58 establishes the origm of a three-dimensional 
that used in the interactive, image-guided neurosurgery coordinate system in physical space, 
system described in U.S. Pat. No. 5,142,930 to Allen et The infrared LEDs 52 and 58 are strobed in sequence 

al. As illustrated in FIG. 2, an external arm 34 is fixed to by strober 56 and are visible to a position sensor 60. 
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Position sensor 60 includes three linear charge coupled 
device (CCD) cameras 60A, 60B, 60C with cylindrical 
optics placed in front of the CCDs to compress the field 
of view into a single line. The output of each CCD 60 A, 
60B, 60C is captured by a separate processor (not illus- 
trated) which extracts the object's position in that view. 
A fourth processor (not illustrated) receives the output 
of each of the three separate individual processors and 
triangulates the location of an infrared LED and passes 
it to a computer 62. Since the infrared LEDs on the 
shaft 52 are pulsed in a known sequence and configura- 
tion, and the length of the end-effector 50 is known, the 
computer 62 is able to calculate the time-distinct loca- 
tion of the end-effector 50 with respect to the rigid body 
of reference infrared LEDs 58. 

The present invention is not limited to embodiments 
of the present invention using the pointing devices illus- 
trated in FIG. 2 and FIG. 3. In the present invention, an 
ultrasound transducer may be attached to any pointing 
device such that the coordinates and orientation of the 20 
transducer are continuously passed to the connected 
computer, as illustrated, for example, in FIG. 4. 

In FIG. 4, each time a transducer 72 is pulsed by a 
pulser/receiver 74 in response to a trigger signal 76 
from computer 78, an ultrasound signal 80 of specific 25 
time duration is acquired from pulser/receiver 74, digi- 
tized by an A/D converter 82 which may be included in 
computer 78, and stored as a signal (i) in a memory 88 of 
the computer 78. The rate at which the A/D converter 
82 samples the analog ultrasound signal 80 must be 30 
sufficient to adequately represent the signal. The sam- 
pling frequency should be at least twice the frequency 
bandwidth of the ultrasound signal. Simultaneously, the 
position and orientation of the transducer 72 corre- 
sponding to the current signal are acquired from a 
pointing device 84. A transducer position calculator 86 
calculates a transducer position (i) in response to the 
data provided from pointing device 84 which is stored 
in memory 88 along with the signal (i). In this manner, 
signal/position pairs are acquired while a region of an 
object or anatomy are scanned with the transducer 
assembly. 

To gather signal/position pairs from an object or 
patient once that object or patient is secured in a fixed 
position, the transducer assembly is held by a user and 45 
moved across a surface of interest, keeping the trans- 
ducer perpendicular to the surface. FIG. 5 illustrates a 
position of a transducer piston 92 near a target 94. An 
ultrasound stand-off pad 96 is used in placing the target 
94 in an optimal range of an ultrasound beam 98 (illus- 50 
trated by a dotted line) of the transducer piston 92, 
Contact between a transducer face 100 and the surface 
102 is maintained with the aid of a coupling medium, 
such as acoustic gel or water. The ultrasonic stand-off 
pad 96 may be used to place the expected target depth 
in an optimal range of the ultrasound beam 98 depend- 
ing on the expected depth of the implanted target 94 and 
the type of transducer used. Stand-off 96 may be a layer 
or "pad" of a gelatinous material or a water path. 

In the present invention as described above in refer- 
ence to FIG.4, as the signal/position pairs are acquired, 
the signals are automatically analyzed. The signals are 
analyzed to detect echoes arising from interfaces be- 
tween materials of different characteristic acoustic im- 
pedance (Zo) as described above. FIG. 6, which in- 
cludes FIG. 6(a), FIG. 6(b) and FIG. 6(c), illustrates 
this concept as applied to a iow-2^ target 110 (e.g., a 
cylindrical fiducial marker) implanted in a high-2^ ma- 
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terial 112 (e.g., the human skull) covered by two layers 
114, 116 of low-Zo material (e.g., scalp and fat). FIG. 
6(fl), FIG. 6{b) and FIG. 6(c) illustrate the relative posi- 
tion of the transducer piston 118 and the target 110. 
FIG. 7(a), FIG. lib) and FIG. 7(c) illustrate corre- 
sponding received reflections of the ultrasound signals 
for the different relative positions of the transducer 
piston 118 and target 110 of FIG. 6(a), FIG. 6(b) and 
FIG. 6(c), respectively. As illustrated, for this case the 
target interface echo is the echo arising from the inter- 
face between the distal surface of the target and the 
high-Zo divot in which the target sits. In FIG. 7(a), 
FIG. 1(b) and FIG. 7(c), the time interval (from to to ti) 
corresponds to the depth of the target interface echo. 
This time interval is the time interval in which the tar- 
get interface echo is expected in this example. The re- 
flection signal illustrated in FIG. 7(c) is the signal used 
to determine the depth of the target from the transducer 
since it corresponds to the accurate relative positioning 
of the transducer piston 118 and target 110 illustrated in 
FIG. 6(c). The computer 26, 54, or 78, for example, 
extracts the portion of each signal between to and ti and 
the result is referred to as the windowed signal. 

Since the amphtude of the extracted windowed signal 
is proportional to the proximity of the transducer beam 
120 to the center of the target 110, a measure of each 
windowed signal's amplitude is calculated. For signals 
whose measured amplitude exceeds a given threshold, 
the transducer coordinates corresponding to that signal 
are weighted with that measured amplitude. A centroid 
is then calculated which estimates the coordinates of the 
transducer face when it was centered over the target. 
The signal or signals acquired nearest that centroid are 
examined and the time index of the leading edge of the 
target interface echo is detected. Based on the knowl- 
edge of the speed of sound in the materials and the 
geometry of the target, the depth of the target from the 
transducer face is determined. By adding this depth to 
the transducer position corresponding to that signal 
along the orientation of the transducer (also stored 
along with the signal), the estimated three-dimensional 
coordinates of the target may be calculated. 

As an example, the present invention may be used in 
image-to-physical space registration for neurosurgical 
guidance. Once the fiducial markers are implanted in 
the patient, the preoperative image sets may be ac- 
quired. These fiducial markers may be between 1 mm 
and 10 mm in diameter and are composed of biocompat- 
ible materials which are visible in the imaging modali- 
ties of interest. The markers are implanted into the skull, 
flush with the surface of the skull. 

Possible marker scenarios include in FIG. 8(a) and 
FIG. S(b) a marker 130 in which small cylinders with a 
thin shell of low-2Lo polymer material filled with a wa- 
ter-based solution, or in FIG. 10 a marker 140 which is 
identical to marker 130 except that a high-Zo layer 142 
such as a glass marker or "cap" is included on the end of 
the cylinder which is to be implanted first (i.e., the end 
of the marker distal to the surface of the skull). 

FIG. 9(a) and FIG. 9(b) illustrate expected received 
echo signals in response to the respective positions of 
the transducer piston and fiducial marker 130 illustrated 
in FIG. 8(a) and FIG. 8(6), respectively. The received 
signal in FIG. 9(b) includes a marker/bone divot echo 
portion which is not included in the received signal 
illustrated in FIG. 9(a). This marker/bone divot echo 
portion is the portion of the signal which is extracted as 
the windowed signal as discussed above. 
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As mentooned above, FIG. 10 illustrates a fiducial updated via computer 154 to reflect the resulting 

marker 140 identical to marker 130 except that a high- change in length of the pointing device 152. The sur- 

Zo layer 142 such as a glass marker "cap" is included on geon may then point at locations of interest on the pa- 

a distal surface of marker 140. FIG. 11 illustrates the tient and look at a display 162 of the computer ll* to 

^"l^ ! /fiT^^i ''^v 5f P**"''^ '° transducer 5 see the corresponding location indicated on the preop- 

piston and fiducial mark«- 140 arrangement of FIG. 10. erative image sets. In this way, accurate. inteSve 

The signal Illustrated in FIG. 11 includes a marker con- surgical guidance is provided to the surgSn 

tents/marker cap" echo portion which is the portion FIG. 13 illustrates a flowchart of an ultrasound 

In thfi^^th^i' offhf T'^^'^'tf ■ °f ''^''^^ ^Pl-'-'l t-'g-ts accord iJTo 2 
In the method of the present mvendon. each rniage 10 embodiment of the present invention. In step 172 the 

volume IS analyzed to determine the location of the ultrasound transducer is coupled to the pointiL de^^^ 

center of c^h fiducml mark« withm the three-dimen- system. The patient or objecno be scannS t placS m 

sional coordinate system of the miage volume (three or a fixed position, for example, by clamping Ae pS or 

more markers are preferably used in order to more object to a table (step 174> In step 176 the iiaS^r is 

L?^f!^?o'^f 'T =°»Pl«^ to the surface (for exa^Jle ' tSe Sp of the 

Sr^ on^ comoSter ' " P""""*^ ^"t^" '^^ ^^en holds Z 

siorea on a computer. transducer assembly against the surface in a manner 

FIG 12 U^ff'T^ '^^T'''^ perpendiculartothesurface(stepl7T^ecompu1^b 

S2 h, a ^"T °' '"T"^'- * the transducer ^d store th?Sve^ 

head clamp. A pointmg device such as interact ve, im- 20 ref1*.et«l «i<n,»i ainno txAti. . ♦t^ J receivea 

age-guided (IIG) arm 152 is connected to a computer "nSon ^st^ llo 1^^"^' ^"""^ 

154 holding the image sets and image fiducial locations. ^^^^ tL^Jl^io ^ "'""^'^ 

An A-mode ultrasound transducer 156 is attached to the ^fn/T^ T"^^^ detenmna- 

pointing device 152. A fiducial marker 158 is implanted J^^" ^! "J^ Z finUhrn^?'' '''' T ' " 
below the scalp 150A and subcutaneous fat 150B into 25 ^„!Z th- T "Ot/'n'^hed *e computer again 

the skull 150C bf the patient 150. An example of a tran^ Sn^sn Onrll""'', "T' 

ducer 156 which may be used in this ammgement is a 10 >. ^ f -^^T^ ^'^ stonng of signal informa- 
MHz short-focus piston v«th a 3 mm-diaieter crystal T ? T^^ determmed m step 184, the 
n.epointingdevicel52issetups«chthatthecoWuter ^gf ^.^hTh^r" ^"^^'"^"^.f f ^' analysis in step 
154 continuously calculates the three-dimensional L)r- 30 J^L^^^ ' 1 ^^^f^^^^ depth of re- 
dinates of the center of the transducer face and the ffT* ^}'° ^ ^^e center position of 
orientation of the transducer. The computer 154 re- lln^^l^^^ f accurately detwmined 
ceives the signals from transducer 156 and performs a f IG. 14 illustrates one embodiment m which the 
feature extraction on the received signals in which, for Sir?"*?'' "'^u ^^^T^^^^io" of s^P 18« » 
example, the marker/bone divot echo portion or marker 35 ^ implemented. It is noted that other 
contents/marker "cap" echo .portion of the signal is ^fl°^' of automatic sigmd analysis may be imple- 
extracted. Then computer 154 determines a center posi- h m<S ^^J^^^ and ^mt of the present inven- 
tion of the marker 158 in response to arm position data !L " "^^'^ illustrates an embodiment 
received from the pointing device 152 and in response cf,^ • ij 

to the feature extraction signal. 40 ^"^^ a step 192 of collecting signals and 

In order to implement the present invention, an oper- ^"^^^^^^^^ ^ marker re^on, including 

ator holds the transducer assembly 156 and places ifon ultrasound signals and the ultrasound 

the scalp 150A of the patient 150 while maintaining T^^^ 5 '° P^"*^"™ '**P' 

contact between the transducer and scalp with acoustic ■ ^f^''^ f '8?^^ analyzed to detect echoes aris- 
gel and an ultrasonic standoff 160. The operator starts a 45 ^ 1°"^- '"terfaces between materials of different 

program within computer 154 that pulses Ae transducer ^''^."f ^ mipedance. Such reflected ultrasound signals 

156 and receives the reflected signals along with the ^^^^flG'^^T'^P vf^J^^^'^^^^J^^. 

transducer position information. The operator slowly 1*^.' ^(*> 

moves the transducer 156 while signal/position infor- fL,? " ^**P applymg a window to the 

mation is coUected. The received signals ar« analyzed to 50 ^^^5 ^ ^"rface echo occurs therein. This 

isolate the transducer positions for which the' ultra- ° J" " 

sound beam passes through the marker 158. For space ^^-J^^i. l^^' endowed 

registration purposes, it is tiie coordinates of the center ^^JlTiZi r.^f >s extracted from die reflected 

of the marker 158 which are of interest. As illustrated in »f Pl't^^e of the exttacted wmdowed signal 

FIG. 12, an estimate of the center of the marker 158 55 1 f f ^ ^ proxnnity of the b^ucer beam to 

may be determined using a centroid/extrapolation pro- *^ center of the target. Thestondard deviation or.of the 

cess and stored in the computer 154 wmdowed signal is calculated m step 196 as an indica- 

This process is repeated until all of the markers (pref- proximity of the tran«lucer to the center of 

erably three or more) have been localized. To confirm ^ ^ { ^^^weighted centroid of tiie coordinates of 

accuracy of the marker center estimates, the distances 60 * J'^^l^tK t^!™'."^'';" «=P ^' «^Ple. ^c- 

between the marker centers are compared to the dis- *° followmg formulas, 
tances between marker centers as determined from, for 

example, preoperative images. If the error is within an ^ ~ *reshoid) 

acceptable range, a transformation is calculated map- x (o-, - threshold) 

ping the surgical space coordinates of the pointing de- 65 ' 

vice into equivalent locations in the image sets. z y, (o-, - threshold) 

The transducer 156 is removed from the pointing = -£ 

device 152, and associated hardware and software are ^ ~ *^'«'''') 
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-continued 
Z z,- (or/ — threshold) 
2, (<r/ - threshold) 

' 5 

in which, x/, y/and z/correspond to the ultrasound trans- 
ducer position data received from the pointing device, 
signal (Tf relates to the standard deviation calculated in 
step 196. The "threshold" value is calculated based on lo 
the maximum standard deviation Cr of a signal which 
did not pass through the marker. By subtracting this 
threshold value from each standard deviation value a-/, 
the effect on the centroid calculation of collecting sig- 
nal/position data outside the marker region is mini- 13 
mized. The coordinates x^, y^and Zcare the coordinates 
of the transducer face when it was centered over the 
target- Together, steps 194, 196 and 198 perform the 
localization used to determine the lateral position of the 
center of the marker. 2o 

In step 200, a time delay of the marker echo is located 
nearest the position of the centroid coordinates (xc Yc, 
Zc) to detect the leading edge of the target interface 
echo. Step 202 determines the depth of the marker cen- 
ter, for example, according to the formula: 
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25 



where dc is the depth from the marker center to the face 
of the transducer, d j is the distance from the transducer 
face to the target interface (e.g., the interface between 
the marker and the divot in which the marker sits), and 
m^ is the marker height. The depth of the target from 
the transducer face may be determined based on the 
speed of sound in the materials and the geometry of the 
target. By adding this depth to the transducer position 35 
corresponding to that signal along the orientation of the 
transducer (also stored along with the signal), the esti- 
mated three-dimensional coordinates of the target may 
be calculated. S^ep 204 calculates the three-dimensional 
coordinates for the marker center based on the depth of ^ 
the marker, the determined transducer position, and the 
ultrasound transducer position data. Steps 200, 202 and 
204 together perform depth localization of the marker 
for determining the depth of the marker from the posi- 
tion of the transducer. 45 

While the signal analysis determination steps illus- 
trated in FIG. 14 have been described as set forth 
above, it is pointed out that the present invention is not 
specifically limited to this marker localization method. 
The present invention could be practiced by locating 50 
the position of the target or fiducial marker using an- 
other method which accurately determines the position 
of the marker, 

FIG. 15 illustrates a fiducial marker 300 which may 
be used in implementing the present invention. The 55 
fiducial marker 300 may be left implanted, for example, 
entirely beneath the skin for extended periods of time. 
The marker 300 comprises a cylinder 302 defining a 
space 304 into which may be placed, for example, one 
or more imaging agents. A cylindrical shape is pre- 60 
ferred for marker 300, because this shape minimizes the 
size of the incision that must be made for the marker's 
insertion. It is also the shape that best corresponds to the 
hole that may be drilled in a bone to accommodate the 
marker. In any case, it is preferred that the marker at 65 
least be symmetrical in shape. The body of the cylinder 
is sealed off with a cap 306 or is otherwise sealed. The 
body is preferably constructed of an organic polymer 



known to be well tolerated by the body for extended 
periods of time, such as polymethyl methacrylate 
(PMMA), high density polyethylene, or ceramics such 
as zirconium oxide and aluminimi oxide. The entire 
marker assembly is small enough for long-term implan- 
tation into bone without causing distortion of the bone 
over time. One exemplary size provides for the marker 
to be 4 mm in diameter and 3 mm in height. The marker 
may be implanted in a human skull, flush with the sur- 
face of the skull, beneath the fat and subcutaneous fat. 
Additionally, the cap 306 of the marker may include a 
high acoustic impedance layer such as a glass marker or 
"cap" similar to the marker illustrated in FIG. 10. 

The cylindrical marker defined above is only one 
example of possible target composition, geometry and 
implantation amenable to localization using the present 
invention. Possible embodiments of implanted targets 
which may be used to implement the present invention 
include the following: A low-Zo target implanted under 
one or more low-Zo layers but into a high-Zo layer, flush 
with the surface of that layer. The target echo in that 
case is the interface between the target and the high-Zo 
divot in which the target sits. Additional possibilities 
include a low-Zo target implanted in high Zo materials, 
and a high-2^ target implanted in a low-Zo material. 

The present invention may be embodied in other 
specific forms other than that specifically disclosed in 
this application without departing from its spirit or 
essential characteristics. For example, while a specific 
fiducial marker has been described in reference to FIG. 
15, the present invention is not limited to localization of 
this particularly described implanted marker and may 
be implemented to detect, for example, any implanted 
target. 

What is claimed is: 

1. A method for automatically locating a position of a 
first object in a physical space, comprising steps of: 

attaching a transducer to a coordinate space digitizer 
having a defined coordinate system in said physical 
space; 

, pulsing said transducer while translating it along a 
surface of interest near said first object; 

receiving echoes from said pulsed transducer arising 
from a difference in an acoustic impedance of a first 
portion of the first object and an acoustic impe- 
dance of a material located near said first portion of 
the first object; and 

determining automatically a coordinate position in 
said defined coordinate system of said first object in 
response to said received echoes and a position and 
orientation of said transducer. 

2. A method according to claim 1, wherein said first 
object is a fiducial marker. 

3. A method according to claim 2, wherein said fidu- 
cial marker is implanted in a bone. 

4. A method according to claim 3, wherein said bone 
is a skull of a patient and said surface of interest is a 
scalp of said patient. 

5. A method according to claim 1, wherein said mate- 
rial located near said first portion of the first object is a 
second object having an acoustic impedance different 
from the acoustic impedance of the first portion of the 
first object. 

6. A method according to claim 1, wherein said mate- 
rial located near said fu-st portion of the first object is a 
second portion of the first object having an acoustic 
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impedancedifferent from the acoustic impedance of the 18. A method according to claim 17, wherein said 

first portion of the first object, first object is cylindrical in shape. 

7. A method according to claim 1, wherein said pul- 19. A method for automatic amplitude-mode ultra- 
sing and receiving steps are repeated for a plurality of sound location of an implanted fiducial marker in a 
positions and orientations of said transducer and said 5 physical space, comprising steps of: 

determining step determines a position of said first ob- attaching an ultrasound transducer to a coordinate 

ject in response to said plurality of receiving steps and space digitizer having a defined coordinate system 

said plurality of positions and orientations of said trans- in said physical space.; 

(^^Q^Y pulsing said ultrasound transducer while translating it 

8. A method according to claim 1, wherein said deter- ^0 along a surface of interest near said implanted fidu- 
mining step further comprises steps of: marker; 

determinmg automatically a time delay between said receiving echoes from said pulsed ultrasound trans- 
received echoes- and ducer arising from a difference in an acoustic impe- 

detennining autoiAatically a physical depth of said dance of a first portion of the implanted fiducial 

first object from said transducer. 15 marker and an acoustic impedance of a materia^ 

9. A method according to claim 1, wherein said J^^^ P<>^o^ implanted 
method determines the coordinate position of the first ^ fiducial marker; and 

object in said physical space so that each location in detenninmg automatically a coordinate position in 

physical space is mapped into a corresponding location defined coordinate system of said nnplanted 

in an image volume of said physical space. ^0 fiducial marker m response to said received echoes 

10. A method according to claim 9, wherein said a position and onentation of said ultrasound 
physical space to image volume mapping is providing 20.Tme&^ according to claim 19, wherein said 
for interactive, image-guide surgery or fracuonated ^^^^.^ ^^^^^ implant^l in a bone, 
radiotherapy . i v • . , 25 21. A method according to claim 20, wherein said 

11 A method according to claim 1, wherem said ^ ^ ^j^^j, ^ient and said surface of interest is 

transducer is an ultrasound transducer. ^ scaln of said patient 

12. A method according to claim 1, wherein said ^2. A method according to claim 19, wherein said 
determimng step determmes a position of said first ob- material located near said first portion of the implanted 
ject in response to said received echoes, a correspon- 3^ ^^^^ ^^y,^^. ^ material in which said implanted 
dence between a time delay between received echoes fiducial marker is implanted. 

and a physical depth between said first object and said 23. A method according to claim 19, wherein said 

transducer, and a position and onentation of said trans- material located near said fu^t portion of the implanted 

ducer. fiducial marker is an object separate from said im- 

13. A method accordmg to claim 1, further compris- 35 planted fiducial marker having an acoustic impedance 
ing a step of determinmg a position of said first object in different from the acoustic impedance of the first por- 
response to said received echoes and a corresponding ^j^^ ^j^g implanted fiducial marker. 

position and orientation of said transducer which corre- 24. A method according to claim 19, wherein said 

sponds to a position of said transducer during said pul- material located near said first portion of the implanted 

sing step. 40 fiducial marker is a second portion of the implanted 

14. A method according to claim 1, wherein said fiducial marker having an acoustic impedance different 
determimng step comprises steps of: from the acoustic impedance of the first portion of the 

extracting a windowed surface echo signal from said implanted fiducial marker. 

received echoes; 25. A method according to claim 24, wherein said 

calculating a standard deviation of said extracted 45 implanted fiducial marker comprises a marker body 

windowed surface echo signal; enclosing a space, and wherein the second portion of 

calculating a weighted centroid of positions of said the implanted fiducial marker is a portion of the marker 

transducer; body of said implanted fiducial marker, 

locating a time delay of said windowed surface echo 26. A method according to claim 25, wherein the 

signal nearest the weighted centroid; 50 acoustic impedance of the portion of the marker body is 

calculating a depth of a center of the first object in higher than the acoustic impedance of the first portion 

response to a depth of an interface in which said of the implanted fiducial marker. 

first object is located and a height of said first ob- 27. A method according to claim 25, wherein said 

ject; and enclosed space contains one or more imaging agents 

calculating coordinates in said coordinate system of 55 visible in at least one imaging modality. 

the center of the first object in response to said 28. A method according to claim 25, wherein said 

calculated depth and said time delay, portion of the marker body is a cap of the marker body, 

15. A method according to claim 1, wherein said said marker body and cap enclosing said space, 
receiving step receives echoes from said pulsed trans- 29. A method according to claim 25, wherein said 
ducer arising from differences in acoustic impedances of 60 marker body is cylindrical and said portion of the 
said first portion and different portions within said first marker body is one end of the cylindrical marker body, 
object. 30. A method according to claim 19, wherein said 

16. A method according to claim 1, wherein said pulsing and receiving steps are repeated for a plurality 
acoustic impedance of said first portion of said object is of positions and orientations of said transducer and said 
lower than said acoustic impedance of said material 65 determining step determines a position of said implanted 
located near said first portion of said first object. fiducial marker in response to said plurality of receiving 

17. A method according to claim 1, wherein said first steps and said plurality of positions and orientations of 
object is a symmetric object. said transducer. 
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31. A method according to claim 19, wherein said 
determining step further comprises steps of: 

determining a time delay between said received ech- 
oes; and 

determining a physical depth of said implanted fidu- 5 
cial marker from said transducer. 

32. A method according to claim 19, wherein said 
method determines the coordinate position of the first 
object in physical space so that each location in physical 
space may be mapped into a corresponding location in 10 
an image volume of said physical space, 

33. A method according to claim 29, wherein said 
physical space to image volume mapping is provided 
for interactive, image-guided surgery or fractionated 
radiotherapy. 15 

34. A method according to claim 19, wherein said 
determining step determines a posidon of said implanted 
fiducial marker in response to said received echoes, a 
correspondence between a time delay between received 
echoes and a physical depth between said implanted 20 
fiducial marker and said transducer, and a position and 
orientation of said ultrasound transducer. 

35. A method according to claim 19, further compris- 
ing a step of detennining a position of said implanted 
fiducial marker in response to said received echoes and 25 
a corresponding position and orientation of said trans- 
ducer which corresponds to a position of said ultra- 
sound transducer during said pulsing step. 

36. A method according to claim 19, wherein said 
determining step comprises steps of: 30 

extracting a windowed surface echo signal from said 
received echoes; 

calculating a standard deviation of said extracted 
windowed surface echo signal; 

calculating a weighted centroid of positions of said 35 
ultrasound transducer; 

locating a time delay of said windowed surface echo 
signal nearest the weighted centroid; 

calculating a depth of a center of the implanted fidu- 
cial marker in response to a depth of an interface in 40 
which said implanted fiducial marker is located and 
a height of said implanted fiducial marker; and 

calculating coordinates in said coordinate system of 
the center of the implanted fiducial marker in re- 
sponse to said calculated depth and said time delay. 45 

37. A method according to claim 19, wherein said 
receiving step receives echoes from said pulsed ultra- 
sound transducer arising from differences in acoustic 
impedances of said first portion and different portions 
within said implanted fiducial marker. 50 

38. A method according to claim 19, wherein said 
acoustic impedance of said first portion of said im- 
planted fiducial marker is lower than said acoustic im- 
pedance of said material located near said implanted 
fiducial marker. 55 

39. A method according to claim 19, wherein said 
implanted fiducial marker is a symmetric object. 

40. A method according to claim 39, wherein said 
implanted fiducial marker is cylindrical in shape. 

41. A method according to claim 19, wherein said 60 
coordinate space digitizer includes a pointing device. 

42. A method according to claim 19, wherein said 
method automatically locates coordinate positions of a 
plurality of implanted fiducial markers. 

43. A method according to claim 42, wherein the 65 
method determines the coordinate positions of the plu- 
rality of the fiducial markers in physical space, said 
method further comprising a step of mapping each loca- 



tion in physical space into a corresponding location in 
an image volume of said physical space in response to 
the determined coordinate positions of the plurality of 
fiducial markers. 

44. A system for locating a position of a first object in 
a physical space, comprising: 

a coordinate space digitizer having a defined coordi- 
nate system in said physical space; 

an ultrasound transducer connected with said coordi- 
nate space digitizer; 

a pulser pulsing said ultrasound transducer while 
translating it along a surface of interest located 
near said first object; 

a receiver receiving echoes from said pulsed ultra- 
sound transducer arising from a difference in an 
acoustic impedance of a first portion of the first 
object and an acoustic impedance of a material 
located near said first portion of the first object; 
and 

means for automatically determining a coordinate 
position in said defined coordinate system of said 
first object in response to said received echoes and 
a position and orientation of said ultrasound trans- 
ducer. 

45. A system according to claim 44, wherein said first 
object is an implanted fiducial marker. 

46. A system according to claim 45, wherein said 
materia] is a second object in which said implanted 
fiducial marker is implanted. 

47. A system according to claim 45, said implanted 
fiducial marker including a housing containing a cavity, 
said cavity containing said first portion, wherein a sec- 
ond portion of the implanted fiducial marker includes 
said material located near said first portion. 

48. A system according to claim 47, wherein said 
second portion is one end of the housing of the im- 
planted fiducial marker. 

49. A system according to claim 48, wherein said one 
end of the housing comprises a cap of the housing, said 
housing and cap enclosing said cavity. 

50. A system according to claim 47, wherein said 
cavity contains one or more imaging agents visible in at 
least one imaging modality. 

51. A fiducial marker assembly comprising an imag- 
ing marker assembly including a housing containing a 
cavity, said imaging marker assembly comprising: 

a first portion including a first material having a first 

acoustic impedance; and 
a second portion including a second material having a 

second acoustic impedance which is different than 

said first acoustic impedance. 

52. A fiducial marker assembly according to claim 51, 
wherein said second portion comprises one end of the 
housing of said imaging marker assembly. 

53. A fiducial marker assembly according to claim 52, 
wherein said one end of the housing comprises glass. 

54. A fiducial marker assembly according to claim 52, 
wherein said one end of the housing is a cap of the 
housing, said housing and cap enclosing said cavity. 

55. A fiducial marker assembly according to claim 51, 
wherein said second portion comprises a layer near an 
end of said fiducial marker. 

56. A fiducial marker assembly according to claim 55, 
wherein said second acoustic impedance is higher than 
said first acoustic impedance. 

57. A fiducial marker assembly according to claim 51, 
wherein said fiducial marker is a permanent implantable 
fiducial marker. 



17 



5,394,875 



15 



20 



58. A fiducial marker assembly according to claim 51, 
wherein said fiducial marker assembly is for use in an 
ultrasound detection technique. 

59. A fiducial marker assembly according to claim 51, 
wherein said cavity contains one or more imaging 5 
agents visible in at least one imaging modality. . 

60. A fiducial marker assembly according to claim 51, 
wherein said first portion is said cavity and said first 
material is an imaging agent contained in said cavity. 

61. A fiducial marker assembly according to claim 60, 10 
wherein said second portion is one end of the housing of 
said imaging marker assembly. 

62. A fiducial marker assembly according to claim 61, 
wherein said one end of the housing is a cap of the 
housing, said housing and cap enclosing said cavity. 

63. A method for automatically locating a position of 
a fiducial marker implanted in a bone, comprising steps 
of: 

attaching a transducer to a coordinate space digitizer 
having a defined coordinate system; 

pulsing said transducer while translating it along a 
surface of interest near said fiducial marker; 

receiving echoes from said pulsed transducer arising 
from a difference in an acoustic impedance of a 
portion of the fiducial marker and an acoustic im- 25 
pedance of a material located near said portion of 
the fiducial marker; and 

determining a position in said defined coordinate 
system of said fiducial marker in response to said 
received echoes and a position and orientation of 30 
said transducer. 

64. A method according to claim 65, wherein said 
bone is a skull of a patient and said surface of interest is 
a scalp of said patient. 

65. A method for registering a physical space with 35 
image volumes including automatically locating a posi- 
tion of an object, comprising steps of. 

attaching a transducer to a coordinate space digitizer 
having a defined coordinate system; 

pulsing said transducer while translating it along a 40 
surface of interest near said object; 

receiving echoes from said pulsed transducer arising 
from a difference in an acoustic impedance of a 
portion of the object and an acoustic impedance of 
a material located near said portion of the object; 45 
and 

determining a position in said defined coordinate 
system of said object in response to said received 
echoes and a position and orientation of said trans- 
ducer. 

66. A method according to claim 65, wherein said 
method provides saiid physical space to image volume 
registration as a tool for interactive, image-guided sur- 
gery or fractionated radiotherapy. 
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ducer, wherein said determining step comprises 

steps of: 

extracting a windowed surface echo signal from 

said received echoes;- 
calculating a standard deviation of said extracted 

windowed surface echo signal; 
calculating a weighted centroid of positions of said 

transducer; 

locating a time delay of said windowed surface 
echo signal nearest the weighted centroid; 

calculating a depth of a center of the object in 
response to a depth of an interface in which said 
object is located and a height of said object; and 

calculating coordinates in said coordinate system 
of the center of the object in response to said 
calculated depth and said time delay. 

68. A method for automatically locating a position of 
an object, comprising steps of: 

attaching a transducer to a coordinate space digitizer 
having a defined coordinate system; 

pulsing said transducer while translating it along a 
surface of interest near said object; 

receiving echoes from said pulsed transducer arising 
from a difference in an acoustic impedance of a 
portion of the object and an acoustic impedance of 
a material located near said portion of the object; 
and 

determining a position in said defined coordinate 
system of said object in response to said received 
echoes and a position and orientation of said trans- 
ducer; 

wherein said acoustic impedance of said portion of 
said object is lower than said acoustic impedance of 
said material located near said portion of said ob- 
ject. 

69. A method for automatic amplitude-mode ultra- 
sound location of a fiducial marker implanted in a bone, 
comprising steps of: 

attaching an ultrasoujid transducer to a coordinate 
space digitizer having a defined coordinate system; 

pulsing said ultrasound transducer while translating it 
along a surface of interest near said implanted fidu- 
cial marker, 

receiving echoes from said pulsed ultrasound trans- 
ducer arising from a difference in an acoustic impe- 
dance of a portion of the implanted fiducial marker 
and an acoustic impedance of a material located 
near said portion of the implanted fiducial marker; 
and 

determining a position in said defined coordinate 
system of said implanted fiducial marker in re- 
sponse to said received echoes and a position and 
orientation of said ultrasound transducer. 

70. A method according to claim 69, wherein said 



67. A method for automatically locating a position of 55 bone is a skull of a patient and said surface of interest is 



an object, comprising steps of: 

attaching a transducer to a coordinate space digitizer 
having a defined coordinate system; 

pulsing said transducer while translating it along a 
surface of interest near said object; 

receiving echoes from said pulsed transducer arising 
from a difference in an acoustic impedance of a 
portion of the object and an acoustic impedance of 
a material located near said portion of the object; 
and 65 

determining a position in said defined coordinate 
system of said object in response to said received 
echoes and a position and orientation of said trans- 



a scalp of said patient. 

71. A method for automatic amplitude-mode ultra- 
sound location of an implanted fiducial marker includ- 
ing a marker body and a cap together enclosing a space, 
60 comprising steps of: 

attaching an ultrasound transducer to a coordinate 
space digitizer having a defined coordinate system; 
pulsmg said ultrasound transducer while translating it 
along a surface of interest near said implanted fidu- 
cial marker; 

receiving echoes from said pulsed ultrasound trans- 
ducer arising from a difference in an acoustic impe- 
dance of a portion of the implanted fiducial marker 
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and an acoustic impedance of the cap of the im- 
planted fiducial marker; and 
determining a position in said defined coordinate 
system of said implanted fiducial marker in re- 
sponse to said received echoes and a position and 
orientation of said ultrasound transducer. 

72. A method according to claim 71, wherein the 
acoustic impedance of the cap is higher than the acous- 
tic impedance of the portion of the implanted fiducial 
marker. 

73. A method for registering physical space with 
image volumes including automatic amplitude-mode 
ultrasound location of an implanted fiducial marker, 
comprising steps of: 

attaching an ultrasound transducer to a coordinate 
space digitizer having a defined coordinate system; 

pulsing said ultrasound transducer while translating it 
along a surface of interest near said implanted fidu- 
cial marker; 

receiving echoes from said pulsed ultrasound trans- 
ducer arising from a difference in an acoustic impe- 
dance of a portion of the implanted fiducial marker 
and an acoustic impedance of a material located 
near said portion of the implanted fiducial marker; 
and 

determining a position in said defined coordinate 
system of said implanted fiducial marker in re- 
sponse to said received echoes and a position and 
orientation of said ultrasound transducer. 

74. A method according to claim 73, wherein said 
method provides said physical space to image volume 
registration as a tool for interactive, image-guided sur- 
gery or fractionated radiotherapy, 

75. A method for automatic amplitude-mode ultra- 
sound location of an implanted fiducial marker, com- 
prising st^s of: 

attaching an ultrasound transducer to a coordinate 
space digitizer having a defined coordinate system; 

pulsing said ultrasound transducer while translating it 4^ 
along a surface of interest near said implanted fidu- 
cial marker; 

receiving echoes from said pulsed ultrasound trans- 
ducer arising from a difference in an acoustic impe- 
dance of a portion of the implanted fiducial marker 45 
and an acoustic impedance of a material located 
near said portion of the implanted fiducial marker 
and ' 

determining a position in said defined coordinate 
system of said implanted fiducial marker in re- 
sponse to said received echoes and a position and 
orientation of said ultrasound transducer, wherein 
said determining step comprises steps of: 
extracting a windowed surface echo signal from 

said received echoes; 
calculating a standard deviation of said extracted 

windowed surface echo signal; 
calculating a weighted centroid of positions of said 

ultrasound transducer; 
locating a time delay of said windowed surface 60 

echo signal nearest the weighted centroid; 
calculating a depth of a center of the implanted 
fiducial marker in response to a depth of an inter- 
face in which said implanted fiducial marker is 
located and a height of said implanted fiducial 
marker; and 

calculating coordinates in said coordinate system 
of the center of the implanted fiducial marker in 
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response to said calculated depth and said time 
delay. 

76. A method for automatic amplitude-mode ultra- 
sound location of an implanted fiducial marker, com- 
prising steps of: 

attaching an ultrasound transducer to a coordinate 
space digitizer having a defined coordinate system; 
pulsing said ultrasound transducer while translating it 
along a surface of interest near said implanted fidu- 
cial marker; 

receiving echoes from said pulsed ultrasound trans- 
ducer arising from a difference in an acoustic impe- 
dance of a portion of the implanted fiducial marker 
and an acoustic impedance of a material located 
near said portion of the implanted fiducial marker 
and 

determining a position in said defined coordinate 
system of said implanted fiducial marker in re- 
sponse to said received echoes and a position and 
orientation of said ultrasound transducer; 
wherein said acoustic impedance of said portion of 
said implanted fiducial marker is lower than said 
acoustic impedance of said material located near 
said portion of said implanted fiducial marker, 
77. A system for locating a position of an implanted 
fiducial marker, said implanted fiducial marker includ- 
ing a housing and a cap, said housing and cap together 
containing a cavity, said system comprising: 

a coordinate space digitizer having a defined coordi- 
nate system; 

an ultrasound transducer connected with said coordi- 
nate space digitizer; 
a pulser pulsing said ultrasound transducer while 
translating it along a surface of interest located 
near said implanted fiducial marker; 
a receiver receiving echoes from said pulsed ultra- 
sound transducer arising from a difference in an 
acoustic impedance of a portion of the implanted 
fiducial marker and an acoustic impedance of the 
cap of the implanted fiducial marker; and 
means for determining a position in said defmed coor- 
dinate system of said implanted fiducial marker in 
response to said received echoes and a position and 
orientation of said ultrasound transducer. 

78. A fiducial marker assembly comprising an imag- 
ing marker assembly comprising: 

a portion including a material having a first acoustic 

impedance; 
a housing; and 

a marker cap, said housing and said cap together 
containing a cavity, said cap having a second 
acoustic impedance which is different than said 
first acoustic impedance. 

79. A fiducial marker assembly according to claim 78, 
55 wherein said cap is a glass marker cap. 

80. A fiducial marker assembly comprising an imag- 
ing marker assembly having a liousing, said housing 
containing a cavity, comprising: 

a first portion including a first material having a fu-st 

acoustic impedance; and 
a second portion including a second material having a 
second acoustic impedance which is different than 
said first acoustic impedance, said second portion 
comprising a layer near an end of said fiducial 
marker; 

wherein said second acoustic impedance is higher 
than said first acoustic impedance. 

* * * * ^ 
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